Time-frequency-selective, equivalently time-variant multipath, fading channels in orthogonal frequency division multiplexing (OFDM) systems introduce intercarrier interference (ICI), resulting in severe performance degradation. To suppress the effect of ICI, several symbol detection methods have been proposed, all of which are based on the observation that most of the ICI's power is distributed near the desired subcarrier. However, these methods usually ignore the channel variation in a OFDM symbol block by fixing the number of considered ICI terms. Therefore, we propose a novel frequency-domain symbol detection method with moderate complexity, which adaptively determines the number of ICI terms within each OFDM symbol block. key words: orthogonal frequency division multiplexing, time-frequencyselective fading channel, intercarrier interference, symbol detection
Introduction
Due to the robustness against frequency-selective channel, which causes intersymbol interference (ISI), OFDM is considered as one of the most promising technologies to achieve high data rates over wireless channel. However, when the mobile speed increases, the channel variations destroy the orthogonality between the subcarriers, resulting in severe ICI.
Several OFDM symbol detection methods have been developed to suppress ICI [1] - [5] . Frequency-domain symbol detections considering the constant number of dominant neighboring subcarriers, which induce serious ICI, have been presented in [1] , [2] , [4] . For OFDM-based multipleinput multiple-output (MIMO) system over time-frequencyselective channels, a time-domain ICI suppression method was proposed in [3] . In [5] , a time-domain linear preprocessing approach with an approximate boundary decision of dominant ICI terms was proposed. However, fixing the considered number of dominant ICI terms within a OFDM symbol block, all these methods overlooked the severe channel variation during a block period, which can be caused by high Doppler frequency.
In this letter, we propose a new frequency-domain OFDM symbol detection method. The method adaptively decides the dominant neighboring subcarriers by utilizing a precalculation of the power of subcarriers associated with 
System Description
In OFDM systems, the bandwidth B is divided into N equally spaced subcarriers, the baseband carrier frequency for the nth subcarrier is then n∆ f, n = 0, 1, ..., N − 1 with ∆ f = B/N, and the sampling interval is T 0 = 1/B. At the transmitter, incoming bits are mapped or coded into frequency-domain complex symbols and divided into blocks of length N after serial-to-parallel conversion, and then modulated into a time-domain sample sequence by means of an N-point IFFT. Each block of modulated time-domain samples is extended with a cyclic prefix (CP) of length N g , which is a copy of the last samples of the IFFT output. Thus the total OFDM symbol block duration is
The blocks of time-domain samples are serially transmitted through a time-frequency-selective channel. In this letter, we consider a wide-sense stationary uncorrelated scattering (WSSUS) Rayleigh fading channel, where each corresponding baseband equivalent channel impulse response (CIR) is characterized by
representing the lth resolved time-variant multipath at instant m. If the maximum channel delay spread L is less than the length of CP, ISI or IBI can be easily overcome by a simple frequency-domain detection method.
At the receiver, the received time-domain samples are transformed into frequency-domain symbols using an N-point FFT after discarding the multipath-corrupted CP. The nth demodulated frequency-domain OFDM symbols are T for the transmitted symbol block X with variance σ 2 s can be expressed in matrix form as 
/N , 0 ≤ n ≤ N − 1 and this shows that the time-frequency-selective channel introduces a time-variant complex multiplier, H l,n−k , at each subcarrier. That is, g n,k can be interpreted as the frequencydomain response from subcarrier k to subcarrier n, hence if n k, g n,k represents the influence of ICI [2] .
Symbol Detection
In this section, OFDM symbol detection methods are described in the presence of ICI. Contrary to the time-invariant channel environment, time-selective channels cause a loss of subcarrier orthogonality, resulting in ICI. It leads to an error floor in BER performance, increasing with the relative Doppler frequency ∆ f D , which is the product of the Doppler frequency f D and OFDM symbol block duration T s . Therefore, the channel detection is needed, but we assume that it is exactly obtained and known to the receiver in order to focus on symbol detection.
Conventional Symbol Detection Methods
For the time-invariant channel, g n,k for n k vanishes, i.e., G in (1) is a diagonal matrix. Then, no ICI is present and orthogonality between subcarriers is preserved, thus OFDM symbols can be easily detected by a one-tap frequencydomain equalizer. However, from the fact that most of ICI's power over time-frequency-selective channels is concentrated in some subcarriers adjacent to the desired subchannel and gradually decreases as the distance between the desired and undesired subcarrier increases, it has been usually assumed that the insignificant ICI terms can be neglected, i.e., g n,k = 0, |n − k| > p, and the parameter p was chosen to tradeoff between the complexity and performance. From this assumption, the conventional linear filtering methods such as channel matrix inversion, zero-forcing (ZF), and linear minimum mean square error (MMSE) have been adopted in [1] , [2] . In addition, the block diagonal matrix transformation in [1] is used to reduce the computational complexity. 
Proposed Symbol Detection Method
Instead of neglecting severe channel variation during each block period by fixing the number of undesired ICI terms, i.e., 2p, we propose and develop an adaptive blocklinear detection (A-BLD) method, where the constant number p is replaced with a variable p n , adaptively determined according to the channel condition within a block duration. In Fig. 1 , the magnitude of the elements of the instantaneous frequency-domain complex channel matrix G is depicted, which obviously demonstrates that the time-frequency-selectivity of the fading channel leads to the channel variation within a OFDM symbol block. Hence, by using the adaptively determined variable p n , the demodulated OFDM symbols can be rewritten as Y n = g n,n X n + (n+p n ) N k=(n−p n ) N ,k n g n,k X k + Z n , and using the block diagonal matrix transformation method, we have
where a (2p n + 1) × (2p n + 1) matrix A n and (2p n + 1) ×1 vectors are
From (2), the following linear detection statistics can be obtained,
To decide p n , we propose a simple algorithm. Namely, the sum of the power of subcarriers related with desired subcarrier n is calculated. Then, the algorithm gradually includes the nearest ICI terms at both sides of the desired subcarrier until the gradually summed power reaches a predetermined boundary, i.e., total carrier power weighted by γ ∈ [0, 1] only for the desired subcarrier n. This algorithm can be formulated as follows,
Hence, to detect N symbols, N linear filterings associated with (2p n + 1) × (2p n + 1) submatrix and the surviving subcarrier decision processing should be performed. Based on a complex calculation, the complexity of Multiply-Add (MA) operations to obtainx n is O ((2p n + 1) 3 ) from the Gauss-Jordan method and complex matrix multiplication [6] , i.e., totally O((2p n +1)
3 N) for one OFDM symbol block. In addition, the p n decision algorithm through one OFDM symbol block requires (2N + p n + 1)N operations. According to our empirical results in Section IV, average p n N. Therefore, we can observe that our proposed method is able to effectively detect OFDM symbols over time-frequencyselective channels with a moderate complexity. To more reduce the complexity, it is possible to restrict the variable p n within a fixed number p max . In this case, the possibility of computations for submatrices of quite a large size in a block can be reduced at the expense of performance.
Numerical Results
In this section, we show some simulation results for the complexity and BER performance comparisons: the full frequency channel matrix inversion, the one-tap frequencydomain equalizer [1] , [2] , the block-linear detection (BLD) with constant p [1] , [2] , [4] , the adaptive block-linear detection (A-BLD I) with variable p n , and the simplified adaptive block-linear detection (A-BLD II) with variable p n and constant p max . With the square 16-QAM constellation, a bandwidth B=500 kHz is divided into 64 subchannels, meaning the FFT/IFFT size N=64, and the total OFDM symbol block duration T s =136 µs with CP of N g =8 µs, which is larger than the maximum channel delay 4 µs. Jakes' model [7] is used for the 2-ray Rayleigh fading channel, as the relative delays are 0 and 4 µs with the average powers of 0 and −10 dB, respectively. Note that the considered detection methods are performed in the frequency-domain so that L-path fading model doesn't significantly affect the overall performance of the considered detection methods, under the assumption that the guard interval is longer than the maximum channel delay. Considered relative Doppler frequency ∆ f D is 0.1 for the relatively severe time-selective channel. The performance criterion is the bit error rate (BER) versus SNR at the receiver. For simplicity to simulate, the block diagonal matrix transformation and channel matrix inversion is considered in all simulations. In Fig. 2(a) , the average number of ICI terms vs. relative Doppler frequency, i.e., 0.001 ≤ ∆ f D ≤ 0.1, is investigated for several γ, which is simulated by the A-BLD I method, and Fig. 2(b) shows the average MA operations in one OFDM symbol block vs. γ for the various detection methods at ∆ f D = 0.1. The average value of p n is increasing as the channel is getting variant, i.e., ∆ f D is increasing. From Fig. 2(b) , we can observe that the computational complexities of the A-BLD methods are similar to or lower than that of the BLD method with p max =5 even for a high γ=0.98, where the average MA operations of A-BLD I, A-BLD II with p max =10, and A-BLD II with p max =5 are 142057 (•), 75008 ( ), and 34841 ( ), respectively, while the average MA operation of BLD with p = 5 is 130438 ( * ).
The comparisons of BER performance vs. SNR of several detection methods are shown in Fig. 3 . From Fig. 3(a) , it can be observed that the A-BLD I (γ = 0.98) and the BLD (p=15) show similar BER performance, but the complexity of the A-BLD I (γ = 0.98), which is almost the same as the complexity of the BLD (p=5), is much smaller than that of the BLD method (p=15). Note that the performance gap between A-BLD I and A-BLD II, as shown in Figs. 3(a) and (b), seems to be due to the fact that the A-BLD II ignores some ICI terms that have powers, which are not negligible. Within one OFDM symbol block, this occasion can happen over severe time-selective channels. 
Conclusion
In OFDM systems, time variations of the fading channel cause ICI, which significantly degrades the system performance. In order to restrict the effect of ICI, several conventional OFDM symbol detection methods have been developed, considering the decision of the fixed number of dominant neighboring ICI terms. However, the methods do not reflect the channel variation over the OFDM symbol block period. Since our proposed A-BLD methods adaptively determine the number of dominant ICI terms, the performance improvement is obtained with a moderate complexity. Furthermore, our future research may consider the extension of the proposed adaptive linear detection method to the nonlinear detection methods (e.g., ordered successive interference cancellation (O-SIC)).
